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Abstract 

Iron nanoparticles that were synthesized by chemical reduction were used as the active material at the electrode, followed by mea¬ 
surement of their capacity during discharge/charge cycles. The discharge capacity of the first cycle was extremely high, 510mAh/g- 
Fe, at a current density of 200 mA/g-Fe, indicating a marked increase in the capacity and the output current of iron electrodes when 
nanoparticles of iron, instead of micron-sized particles were used as the active materials. However, this capacity deteriorated rapidly dur¬ 
ing the discharge/charge cycles, while the size of iron nanoparticles increased, suggesting that the dissolution and re-crystallization of 
iron could have occurred during these cycles. A good correlation was found between the capacities and the surface areas of iron nano¬ 
particles following each cycle. Our result further demonstrated that the capacity depends only on the surface area of iron particles, vary¬ 
ing by 30 mAh with every 1 m 2 of iron. 

© 2007 Elsevier B.V. All rights reserved. 
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1. Introduction 

Developed in the 1900s, nickel-iron battery has the mer¬ 
its of low cost, a long life cycle, safety of use, and environ¬ 
mental friendliness. For safety and environmental reasons, 
the nickel-iron battery is a promising alternative energy 
source for electric vehicles. A nickel-iron battery comprises 
nickel oxyhydroxide (NiOOH) as the cathode and metallic 
iron as the anode. The theoretical capacity for the two elec¬ 
tron oxidation of the iron electrode is as high as 962 mAh/ 
g-Fe. However, traditional iron electrodes only have a 
capacity of lower than 350 mAh/g-Fe, which fact is a crit¬ 
ical problem in commercial applications of Ni-Fe batteries. 

Improving the utilization of iron particles is of priority 
concern when attempting to increase the capacity of iron 
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electrodes. Iron electrodes made by sintering typically have 
a higher capacity than those make by pressing iron parti¬ 
cles, because they have greater porosity, and consequently 
greater contacts between the iron particles to the electro¬ 
lyte. Passivation of the iron particle surface is another 
problem in limiting the capacity of iron electrodes. There¬ 
fore, sulfide additives are usually added to activate the par¬ 
ticle surfaces in iron electrodes [1-5]. Yet, even after these 
treatments, the utilization of iron particles remained under 
30%. Restated, only a thin layer of iron on the particle sur¬ 
face can be used. Table 1 briefly summarizes the literature 
on iron electrodes. 

As discussed above, the utilization of iron particles is 
restricted only to a small portion of its surface atoms. An 
increase in capacity is expected when nanoparticles of iron 
are used instead of micron-sized particles. Therefore, this 
work examines the feasibility of such a concept and reports 
on the true performance of such an electrode that is made 
from nano sized iron particles. 
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Table 1 

Summary of properties of iron electrodes 


Electrode 

type 

Additive 

Maximum 

capacity 

(mAh/g-Fe) 

Output 

current 

(mA/g-Fe) 

Reference 

Pressed 

FeS 

175 

12.5 

Caldas et al. [4] 

Pressed 

FeS 

310 

12.5 

Caldas et al. [4] 

(porous) 

Pressed 

PbS 

310 

12.9 

Souza et al. [5] 

Sintered 

None 

339 

18 

Tong et al. [13] 


2. Experimental 

2.1. Synthesis of iron nanoparticles 

Iron nanoparticles were synthesized by mixing the pre¬ 
cursor solution with a reducing agent solution. The precur¬ 
sor solution was made of 4.0 g of ferric chloride (FeCl 3 , 
97%, Showa, Japan) in 50 ml of de-ionized water. 6.0 g of 
sodium borohydride (NaBH 4 , 98%, Lancaster, England) 
was dissolved in 100 ml of de-ionized water to make the 
reducing agent solution. The reducing agent solution was 
immersed in the ice-bath before the precursor solution 
was added dr op wise at a rate of 0.13 ml/s using the 
micro-tube pump (MP-3N, EYELA, Japan). The synthesis 
reaction was considered complete when bubbles were not 
longer generated. The product, black powder, was recov¬ 
ered using a strong magnet. The powder was washed twice 
using hot water and once using cold water to remove the 
residual by-product. 

2.2. Fabrication and electrochemical measurement of iron 
nanoparticle electrode 

A nickel-iron cell system was established to measure the 
discharge capacity of an iron nanoparticle electrode. The 
nickel electrode was overdosed so that the cell performance 
was limited by the iron nanoparticle electrode. The capac¬ 
ity of nickel electrode was about 2000 mAh, which was 
four times that of the iron electrode. Following the washing 
process, fresh iron nanoparticles were rapidly stuffed 
manually into the nickel foam (ShenYang Golden Cham- 
power New Material, China) to make an iron nanoparticle 
electrode. The nickel foam (porosity = 97%, pore size = 
llOppi), 84 mm x 42 mm x 1.8 mm in size, was used not 
only to hold iron nanoparticles but also to collect dis¬ 
charged current. The mass of the iron nanoparticles in 
the electrode was 1.3 g, as determined from the stoichiom¬ 
etric calculation of one batch synthesis with 100% conver¬ 
sion of iron precursor. The electrolyte comprises 8 M 
NaOH and 1 M LiOH. 

The discharge/charge cycle test for the nickel-iron cell 
was performed using a battery testing system (AcuTech 
BAT-760, Taiwan) at room temperature. The cutoff volt¬ 
age was set to 1000 mV. 


The cyclic voltammetry was performed using iron nano¬ 
particle electrode as the working electrode, nickel oxyhy- 
droxide electrode as the counter electrode, and Ag/AgCl 
electrode as the reference electrode. The electrolyte was 
8 M KOH solution. The scan rate was 0.5 mV/s and the 
scan range was from —1.6 V to —0.2 V. 

2.3. Iron nanoparticle analysis following discharge!charge 
cycles 

Since performing an in situ analysis of the micro struc¬ 
ture of iron nanoparticles during capacity measurement is 
impossible, iron electrodes must be disassembled after var¬ 
ious cycles to collect samples for analysis. After a certain 
discharge/charge cycle, the iron nanoparticle electrode 
was immersed in de-ionized water and then ultrasonicated 
to separate the iron nanoparticles from the nickel foam. 
The iron nanoparticles were washed using de-ionized water 
for three times and then using acetone another three times. 
The iron nanoparticles were dried at room temperature for 
further analysis. 

2.4. Characterization 

The morphology of iron nanoparticles was observed 
by the scanning electron microscope (SEM; S-4700, Hit¬ 
achi, Japan). X-ray diffraction (XRD; UD-3000, Scintag, 
USA) was performed to determine the crystal structure 
of iron nanoparticles. The specific surface area of iron 
nanoparticles was determined using the Brunauer- 
Emmet-Teller (BET) method (ASAP 2000, Micrometries, 
USA). 

3. Results and discussion 

3.1. Synthesis of iron nanoparticles 

Fig. la presents the morphology of synthesized iron 
nanoparticles. Most of the primary particles have diame¬ 
ters of between 30 and 70 nm, but they are connected in 
chains because of the slight magnetic attraction among 
them. Similar results have been presented elsewhere [6- 
8]. The specific surface area (BET) of these iron nanopar¬ 
ticles was 25.3 m 2 /g, which approximately corresponds to 
the sizes from microscopy observation. The XRD analysis 
shown in Fig. lb indicates that the nanoparticles are 
almost amorphous with a very weak characteristic peak 
of a-phase iron, suggesting the metallic nature of the 
nanoparticles. This result agrees closely with those else¬ 
where [8,9]. 

3.2. Discharge properties of iron nanoparticles 

As shown in Fig. 2a, the iron nanoparticles exhibited a 
remarkable discharge capacity of 510mAh/g-Fe during 
the first discharge at a high current density of 200 mA/g- 
Fe. When iron nanoparticles were the active materials, 
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Fig. 1. (a) SEM picture of iron nanoparticles, magnification = 20,OOOx 
and (b) XRD pattern of iron nanoparticles. 
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Fig. 2. (a) Typical discharge curve of iron nanoparticle electrodes and (b) 
first cycle capacity of iron nanoparticle at various discharge current 
densities. 
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the capacity was significantly higher than that of the tradi¬ 
tional iron electrodes that are referred in Table 1. This 
increase in capacity can be mainly attributed to the large 
surface area of iron nanoparticles, because no additive 
was used. A higher capacity is expected when additives 
are included. Related work is underway. 

Another possible explanation for the high capacity of 
iron nanoparticle electrode is the large porosity of the iron 
nanoparticle electrode. Since the iron nanoparticles were 
connected in chains, the high aspect ratio of this structure 
enables more contacts to be made between iron nanoparti¬ 
cles and electrolyte, improving the capacity of iron nano¬ 
particle electrodes. 

The output current density of the iron nanoparticle elec¬ 
trode markedly exceeded that of the traditional iron elec¬ 
trode. As shown in Fig. 2b, the iron nanoparticle 
electrode retained a capacity of 420 mAh/g-Fe, even when 
the discharge current density was increased to 800 mA/g- 
Fe. In comparison, the capacity of the traditional pressed 
iron electrode without an additive decreased from 
125 mAh/g-Fe to 45 mAh/g-Fe as the discharge current 
increased from 12.5 mA/g-Fe to 57.5 mA/g-Fe [4]. 


3.3. Cyclic voltammetry of iron nanoparticle electrode 

Cyclic voltammogram of iron nanoparticle during the 
first cycle shown in Fig. 3 presents two pairs of reduc¬ 
tion/oxidation peaks as Redt/Ox! and Red 2 /Ox 2 at 
-1.31 V/ - 0.88 V and -1.10 V/-0.77 V versus Ag/AgCl, 
respectively. The Redi peak was almost not noticeable 
because it was probably superposed on the current for 
the hydrogen evolution reaction. By comparison to pure 
iron particles [4,10], the first reduction/oxidation peaks 
are attributed to the reaction of Fe to Fe(OH) 2 , while the 
second reduction/oxidation peaks is attributed to the reac¬ 
tion of Fe(OH) 2 to Fe(III). 

3.4. Deterioration of capacity of iron nanoparticle electrode 

Although the iron nanoparticle electrode had an out¬ 
standing discharge capacity during the first cycle, the 
recycling property of this electrode was relatively poor. 
Very different from the traditional iron electrodes, the 
iron nanoparticle electrode deteriorated rapidly after the 
discharge/charge cycles, as shown in Fig. 4. The capacity 
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Fig. 3. Cyclic voltammogram of iron nanoparticles. 
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Fig. 4. Deterioration of capacity of iron nanoparticle electrode. 


reached its maximum in the first discharge cycle and 
declined rapidly to minimum after about 10 cycles. The 
decrease in the capacity accompanied corresponding 
changes in the micro structure of the iron nanoparticles 


in the electrode, as shown in Fig. 5. The microscopic 
observations revealed that the iron nanoparticles gradu¬ 
ally grew with the discharge/charge cycles. These images 
implied that the iron nanoparticles could dissolve to form 



Fig. 5. SEM pictures of iron nanoparticles after various numbers discharge/charge cycles and then charged, (a) 1 cycle, (b) 5 cycles, (c) 10 cycles and (d) 
20 cycles. 
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the ferrite (HFeCf/) intermediate during the discharge 
process and then re-crystallize during the charge process 
[11,12]. Subsequently, the nanoparticles grew to minimize 
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Fig. 6. XRD patterns of iron nanoparticles after various numbers of 
discharge/charge cycles. 
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Fig. 7. (a) Specific surface area of iron nanoparticles versus discharge/ 
charge cycles and (b) correlation between surface area and capacity. 


the surface energy and achieve a thermodynamically sta¬ 
ble system. 

X-ray diffraction was performed next on the iron nano¬ 
particles following various numbers of discharge/charge 
cycles. The results are plotted in Fig. 6. The pattern indi¬ 
cated that the characteristic peak of iron gradually grew 
after several cycles. This result is consistent with the micro¬ 
scopic observations, presented in Fig. 5, indicating that the 
re-crystallization improves the crystalline structure of iron 
particles. 

3.5. Correlation between capacity and specific surface area 
of iron nanoparticles 

Fig. 7a presents the specific surface area of iron nanopar¬ 
ticles following various numbers of discharge/charge cycles. 
Fig. 7b plots the correlation between the specific surface 
area and the discharge capacity. A good linear relationship 
existed between these two sets of numbers, indicating that 
the capacity of iron nanoparticle electrode was linearly pro¬ 
portional to the surface area of iron nanoparticles. The 
slope obtained from the fitting suggested that a specific sur¬ 
face area of 1 m 2 /g-Fe contributed to a discharge capacity 
of 30 mAh/g-Fe at a discharge current density of 200 mA/ 
g-Fe when no activating additive was added. 

The intercept indicated a specific surface area of 8.4 m 2 / 
g-Fe, which was about 1/3 that of iron nanoparticles, not 
reacting during the process. This result may have followed 
from the poor conductive network of iron nanoparticles, 
since these particles were not subjected to any sintering 
before measurement. 

4. Conclusions 

Iron nanoparticles without any additive were demon¬ 
strated to have a high discharge capacity at high current den¬ 
sity, because of their large specific surface area. However, 
this high capacity declines quickly with the number of cycles, 
because the nanoparticles grow by dissolution and re-crys- 
tallization. A linear correlation was established between 
capacity and specific surface area, showing 30 mAh/g-Fe 
for 1 m 2 /g-Fe of iron particles. More work is required to find 
ways to inhibit or to slow the growth of these iron nanopar¬ 
ticles to improve the recycling performance. 
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